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Biological embedding occurs when life experience alters biological processes to affect later life health and
well-being. Although extensive correlative data exist supporting the notion that epigenetic mechanisms
such as DNA methylation underlie biological embedding, causal data are lacking. We describe specific
epigenetic mechanisms and their potential roles in the biological embedding of experience. We also consider
the nuanced relationships between the genome, the epigenome, and gene expression. Our ability to connect
biological embedding to the epigenetic landscape in its complexity is challenging and complicated by the
influence of multiple factors. These include cell type, age, the timing of experience, sex, and DNA sequence.
Recent advances in molecular profiling and epigenome editing, combined with the use of comparative animal
and human longitudinal studies, should enable this field to transition from correlative to causal analyses.
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Early experiences impact children’s future outcomes
through biological embedding: the process whereby
experiences produce lasting changes in the function
of a biological system with consequences for develop-
ment, behavior, and health (1–3). Early life social ex-
periences (e.g., early caregiving, trauma, maternal
mental health) are known to contribute to individual dif-
ferences in susceptibility and resilience for a range of
physical and mental health outcomes (4–7). In this
primer, we explore epigenetic systems as candidate
mechanisms for the biological embedding of experi-
ence. For clarity, we adopt an inclusive definition of
epigenetics proposed by the NIH Epigenomics Road-
map Project initiative, which states, “Epigenetics re-
fers to both heritable changes in gene activity and
expression (in the progeny of cells or of individuals)
and also stable, long-term alterations in the transcriptional

potential of a cell that are not necessarily heritable” (ref.
8, although see refs. 9 and 10).

Many animal and human studies show correlations
between experience and epigenetic modifications.
However, the identification of causal links is chal-
lenging for a number of reasons (11): 1) Many of the
experiences that we are interested in understanding
(e.g., exposure to trauma and adversity) cannot eth-
ically be randomly assigned in humans; 2) it is difficult to
accurately capture and measure the complex environ-
ments that humans inhabit as well as to distinguish spe-
cific and often co-occurring adversities or protective
factors (12); and 3) epigenetic processes are complex
and influenced by genetic variants (13), chronological
age, sex, and cell type (11), such that epigenetic states
in accessible tissues are not necessarily informative of
brain-based phenotypes.
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We discuss DNA modifications and considerations for animal
and human studies. We then consider biological factors that play a
role in the association of DNA methylation and experience as well
as less well-studied epigenetic modifications (broadly defined)
that warrant future attention. We end with a discussion of advances
in molecular profiling and future directions. We focus on the
nervous system and brain-based phenotypes but acknowledge
that additional systems (e.g., immune, microbiome) are likely also
involved in biological embedding (e.g., refs. 14 and 15). This
primer is not a comprehensive review; we use selected examples
from the literature to illustrate key points of interest.

DNA Modifications
DNAMethylation and the Biological Embedding of Experience.
DNA methylation typically refers to the addition of methyl groups
to cytosine residues on the DNA, although methylation can occur
on other DNA residues (16, 17) (see Additional DNA Modifications
and Fig. 1A). In humans, cytosine methylation (mC) is frequent, oc-
curring most often at CpG sites (cytosine followed by a guanine base
in the DNA sequence) (16, 18). DNA methylation is also found at
cytosines followed by a nonguanine base, i.e., adenine, cytosine, or
thymine, such non-CpG methylation is an abundant modification in
neural tissues and increases during development (19).

Animal and human research indicates that experience is as-
sociated with differences in mC (20–23). In an early example, high
maternal care in rats (high maternal licking and grooming of pups)
was associated with reduced mC at the promoter of the gluco-
corticoid receptor (GR) gene (Nr3c1) involved in the regulation of
the stress response (20, 21). Experimental manipulation of maternal
care through cross-fostering of pups from low- to high-caremothers

produced a significant decrease in mC at Nr3c1, suggestive of a
causal association. This maternal care-induced DNA demethylation
involves increased binding of nerve growth factor-inducible protein
A (NGFI-A), a transcription factor that acts at the Nr3c1 gene (20).
The notion that experience shapes epigenetic variation via altered
activity/binding of transcription factors has been supported by in-
dependent studies in rodents (24–26) and humans (27). Indeed,
transcription factors play an essential role in shaping epigenomic
variation across multiple levels, including DNA accessibility (28) and
mC (reviewed in ref. 29).

Human studies also correlate the social environment with var-
iation in mC, either at specific sites or broadly across the epigenome
(16, 30, 31–35). Reminiscent of findings in rodents, McGowan et al.
(35) found that child maltreatment was associated with increased
mC within the NR3C1 promoter in hippocampal tissue of adults
who committed suicide. Attempts to extend such findings using
samples from accessible peripheral tissues have shown mixed re-
sults (30). Indeed, one of the largest human studies to date (in-
volving blood samples from ∼1,600 twin pairs) failed to detect
associations between childhood and adolescent chronic social
stress (CSS; including physical maltreatment) and mC using an
unbiased genome-wide or candidate gene approach (36). This
limited reproducibility likely reflects the tissue specificity of epige-
netic states and the contribution of other factors (e.g., timing of
exposure) that influence the impact of an exposure on mC (11).
Furthermore, inconsistencies in measurement of seemingly equiv-
alent exposures also contribute to problems with reproducibility
[e.g., maltreatment measures based on subject interviews (36) vs.
mother reports (37)].
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Fig. 1. Complex landscape of epigenetic mechanisms. (A) DNA can be modified at cytosine and adenine residues by the addition of chemical
groups. Cytosines can be modified by methylation, hydroxymethylation (hmC), formylation (fC), and carboxylation (caC), while adenines are
modified by methylation. (B) Nucleosomes, composed of DNA wrapped around histone proteins, can change position to increase or decrease
DNA accessibility. In addition, nucleosomes can be modified by the incorporation of histone variants and the addition of posttranslational
modifications. (C) Noncoding RNAs play an important role in transcription regulation and are sometimes considered an epigenetic mechanism.
Within RNA-induced silencing complexes (RISCs), miRNAs mediate the recognition and binding of RNAs that become targeted for degradation.
lncRNAs are associated with other complexes and can activate or repress transcription. (D) All RNA nucleotides can be modified by the addition
of chemical groups. The list of RNA modifications includes N6-methyladenosine (m6A) and over 160 other chemical modifications.
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Timing is emerging as an important factor in the study of bi-
ological embedding. Early social experiences are more often
correlated with variation in mC than experiences later in life, even
when the latter are more proximal to the time of biological sample
collection (14, 27, 31, 32, 37). In an early example by Lam et al.
(14), early life, but not current socioeconomic status (SES), corre-
lated with mC in peripheral blood samples. More recently, Dunn
et al. (37) found that exposure to various adversities was signifi-
cantly associated with mC at 38 sites from a genome-wide scan of
blood samples from a UK-based child cohort (n ∼ 700). Adversity-
associated changes in mC were generally modest (i.e., ≤5%). In-
terestingly, almost all sites (35 of 38) tended to be associated with
adversity occurring at≤3 y of age compared with more recent events
(37). These studies suggest that the timing of an early experience
plays a role in biological embedding, although we note that the bi-
ological embedding of experience can occur across the lifespan (38).

Considerations for Human Studies. Accurate measurement of
the multifaceted environments that humans inhabit is difficult.
This complicates attempts to isolate the influences of specific
aspects of early experience on the epigenome. Randomization of
participants across exposures is considered the gold standard but
is rarely achieved in large-scale human studies. Research designs
that compare across siblings help control for a wide range of ex-
posures (e.g., family environment, neighborhood characteristics)
and factors (e.g., genetic variants) that may confound associations
of interest. Using a large cohort, Marzi et al. (36) identified
genome-wide significant associations between adolescent self-
reported measures of maltreatment and mC at 2 sites in the
genome (cg03960390, annotated to RER1, and cg07146173, an-
notated to ALKBH5). Leveraging the twin design strategy un-
expectedly revealed that mC at these genomic sites did not differ
between twin pairs discordant for maltreatment levels. Thus, cohort
design strategies can help account for unmeasured confounding
factors (genetic and environmental) to identify more robust find-
ings. Longitudinal studies that follow individuals over time can take
advantage of unanticipated events that are exogenous to cohort
members. For example, the recession of 2008 greatly increased the
likelihood of job loss, eviction, and wealth depreciation in the
United States, facilitating a series of analyses on the impact of SES
on cardiovascular risk factors (39). Regression discontinuity, a
strategy that leverages a cutoff or threshold (e.g., date of imple-
mentation of a new policy) to estimate the effect of an intervention
in the absence of randomization also offers opportunities to fa-
cilitate causal inference in studies where repeated assessments
of epigenetic marks were collected.

Disasters like the Dutch Hunger Winter or the Holocaust pro-
vided evidence that epigenetic mechanisms are associated
with the biological embedding of experience and individual
differences in susceptibility to depression and posttraumatic
stress disorder (PTSD). The Dutch Hunger Winter, a period of
famine at the end of World War II, gave rise to a range of negative
metabolic and mental health outcomes in later life. Heijmans et al.
(40) found reduced mC within a gene implicated in growth and
metabolism (insulin growth factor 2 [IGF2]) in blood samples from
adults born to women exposed to famine in the periconceptual
period. Similarly, parental PTSD following exposure to the Holo-
caust is associated with increased psychiatric risk and reduced
cortisol production in the next generation, effects that are most
pronounced in children conceived closer in time to the Holocaust
(41). In a small study, Yehuda et al. (42) reported reduced mC
within a region of the FKBP5 gene in blood samples from adult
offspring of Holocaust survivors, which correlated with reduced
cortisol levels at waking. Such studies provide proof of principle

that severe exogenous stressors can be used to describe the bi-
ological embedding of experience at a molecular level. However,
because biological samples are not available from before the
onset of the stressor in many of these studies, it is difficult to
determine if the changes occurred in response to the experi-
ence. Even for studies with samples collected before and after a
stressor, a comparable unexposed control group is needed to
distinguish the effects of the exposure from biological processes
that could already be in motion, unrelated to the exposure of
interest (e.g., development, disease progression, industrialization,
environmental pollution). Thus, isolating the influence of a single
exposure or the combinatorial influence of correlated exposures
on epigenomic variation during periods of hardship is challenging
but likely to provide rich insights into the biological embedding
of experience.

Human cohorts are becoming comprehensive data resources
with large sample sizes and phenotyping across multiple levels
(i.e., environmental, behavioral, genomic) over time (43). New
technologies and tools for capturing the physical and social en-
vironment in which individuals live are rapidly accumulating (44).
This wealth of data provides exciting opportunities for the de-
velopment of innovative computational and analytic approaches
to identify specific, or cumulative, effects of different life experi-
ences and their effects on epigenetic variation and health out-
comes. For example, Wang et al. (45) report significantly increased
power (∼6-fold increased prediction of mental health phenotypes)
of integrative models that combine multiple measures of the
genome and its function versus models based on genetic variation
alone. Finally, given the limitations of human cohort designs for
testing causality, significant insights can be gained by pairing
human studies with experimental animal studies, which present
unique opportunities for discovery.

Biological Factors That Play a Role in the Association of DNA

Methylation and Experience.

Tissue/cell type, age, and sex. Each tissue and cell type has
unique DNA methylation profiles (methylome), making it chal-
lenging to extrapolate findings obtained in one tissue to another
(ref. 11; comparisons of methylomes across tissues are provided
in refs. 46–48). This tissue specificity underscores the importance
of considering cellular heterogeneity of biological samples when
investigating mC across individuals (49). mC can also differ
according to the age of the organism (17, 50, 51), indicating thatmC
measures at one age might differ from those obtained earlier or
later in an individual’s life. The relationship between age and the
epigenome may, in part, explain why the timing of an experience is
a strong predictor of its biological embedding (14, 33, 37). Sex
differences in mC, beyond those found on the sex chromosomes,
are also common (52). These biological factors (tissue/cell type, age,
and sex) contribute to variation in most epigenetic mechanisms,
and thus should be considered in all epigenetic analyses (53–55).

Genome/genotype. DNA sequence (genotype) is a key modu-
lator of the methylome (18, 48, 56–58). The presence or absence
of cytosines in the DNA sequence can influence mC by in-
troducing or removing possible modifiable sites (e.g., refs. 59 and
60). Genotypic differences can also affect the binding of tran-
scription factors, some of which influence epigenetic modifica-
tions (57, 61, 62). For instance, DNA sequence variation that
results in increased transcription factor binding and transcriptional
activity can decrease mC at proximal sites (29). Not surprisingly,
genetic variation and ancestry show strong associations with mC
profiles (11). The relationship between the genome and epige-
nome is complex and bidirectional. For instance, methylated
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cytosines are prone to mutation, changing the genome with po-
tential consequences for individuals during their lives and species
over evolutionary time (63, 64).

The interdependency between the genome and the methyl-
ome also has potential consequences for behavior and health. For
example, mating behavior in prairie voles is regulated by the va-
sopressin 1a receptor (Avpr1a), a gene known to play a role in
vertebrate social behavior. Increased neuronal gene expression of
Avpr1a is associated with greater sexual fidelity, with differences
in Avpr1a expression arising from an allele-specific effect on mC;
voles that carry genetic variants that give rise to a greater number
of CpG sites show higher levels of mC and lower overall Avpr1a
gene expression compared with voles that carry fewer CpG sites
(59). In humans, Klengel et al. (27) found allele-specific deme-
thylation of the GR coregulator FKBP5 in adults exposed to
childhood trauma. This effect was likely mediated by increased
binding of the GR to a binding site within FKBP5. Genetic variants
in FKBP5 influence local chromatin structure and mC levels, which
correlate with measures of brain structure (hippocampal volume)
and PTSD symptoms in individuals exposed to childhood trauma
(27). Similarly, Teh et al. (65) showed that the interaction of local
genetic variants and aspects of the prenatal environment best
explained variation in mC at 75% of genomic regions in human
umbilical cord samples, a finding that is consistent with recent
findings in neonatal blood (66). Such allele-specific epigenetic ef-
fects may provide a biological mechanism to explain gene-by-
environment interactions (27). Thus, it is imperative to consider
measures of DNA sequence variation in analyses of epige-
netic variation when investigating the biological embedding of
experience.

TheMeaning of DNAMethylationMarks. Early studies reported
a negative relationship between mC levels at a gene’s promoter
and measures of gene expression from that gene (64). Paired with
evidence that mC was involved in gene- or chromosome-silencing
events (e.g., imprinting, X-chromosome inactivation), this gave
rise to the idea that mC was a repressive epigenetic modification.
However, technological advances that enabled the measurement
of epigenome-widemC and genome-wide gene expression levels
(67) now reveal a more nuanced relationship between mC and
gene expression: in some cases, they are associated, whereas in
others they are not (14, 61). Additionally, when mC is associated
with gene expression, the direction of the relationship (positive or
negative) depends on where in the genomemC is deposited (e.g.,
within a protein-coding or regulatory region). Furthermore, the
presence ofmC can influence the binding of transcription factors (61,
68), which, in turn, affects gene expression. Thus, the role of mC in
gene expression needs further study.

Forecasting Future Transcriptional Responses. Stressful expe-
riences in early life can have lasting effects that are only detect-
able during future stressful conditions (69). In this issue, Provençal
et al. (70) explore the biological embedding of glucocorticoid
exposure within human hippocampal neuronal progenitor cells.
The authors report widespread changes in mC (increases and
decreases) that depend, in part, on the timing of exposure to
glucocorticoids (i.e., before or after the progenitors differentiate
into neuronal cells). Glucocorticoid-induced changes in mC did
not correlate with baseline gene expression, but were strongly
associated with a heightened transcriptional response to a sec-
ond glucocorticoid challenge (70). This genomic “priming” is in
line with previous observations in hippocampal tissues from ro-
dents treated with glucocorticoids and subsequently exposed to
stress (71). Similar findings are observed in humans, where mC at

specific sites predicts the future transcriptional response to immune
stimulation in peripheral blood monocytes (14). Thus, epigenetic
signals may function to prime sites for a future transcriptional re-
sponse to experience. The increased appreciation that transcription
can be regulated by long-range effects acting over long periods of
time is vital to the concept of biological embedding (72). Such ef-
fects, which arise within an individual over time, are distinct from
those that may occur between individuals across generations. The
notion of intergenerational epigenetic inheritance posits that epi-
genetic states established in one generation can be transmitted to
the next. Despite enthusiasm (and skepticism) for the idea of in-
tergenerational transmission of epigenetic states, it should be noted
that there is no clear evidence for such effects in humans (reviewed in
refs. 10, 73, and 74).

Less Well-Characterized Epigenetic Modifications
Next, we highlight less well-studied epigenetic modifications that
warrant future attention.

Additional DNA Modifications. In addition to DNA methylation,
DNA hydroxymethylation (hmC), formylation (fC), and carboxyla-
tion (caC) have been observed (Fig. 1A). hmC is prevalent in the
nervous system and stem cells (75, 76), and it is sensitive to early
life experience in animals. hmC differs in the prefrontal cortex of
mother- versus peer-reared (without a mother) adult rhesus ma-
caques at a subset of candidate genes; peer rearing is known to
be stressful (77). Similarly, global decreases in hmC are observed
in the amygdala of male rats exposed to early life maltreatment
(78). However, no effect of early life maltreatment is observed in
female rats, highlighting the potential role of sex in modulating
hmC. Whether fC and caC contribute to the biological em-
bedding of experience is unknown. Adenine residues on DNA
can also be modified by methylation, a modification that is rare
compared with mC (79). The prefrontal cortex of mice exposed
to 2 h of daily physical restraint for 14 consecutive days shows
altered adenine methylation (6mA) across the genome (80).

Chromatin Modifications. Chromatin, the main DNA packing
structure, is composed of nucleosomes, DNA wrapped around a
core of histone proteins (81) (Fig. 1B). Chromatin structure is not
fixed or rigid and can be modified by protein complexes that
specify the location, composition, and modification state of nu-
cleosomes, ultimately regulating access to the underlying DNA
sequence.

Chromatin Accessibility. A broad measure of chromatin structure
is how accessible the underlying DNA sequence is to proteins that
bind it. Chromatin accessibility is the product of manymechanisms,
including those that deposit, modify, and reposition histones along
the DNA (Fig. 1B). In humans, differences in chromatin accessibility
are found in neurons at different developmental stages (82) as
well as in the prefrontal cortex of schizophrenia patients com-
pared with controls (83). Furthermore, genetic loci previously
implicated in schizophrenia are enriched within regions of ac-
cessible chromatin (83).

In mice, CSS (exposure to an aggressor for 10 min each day for
10 days) alters chromatin accessibility in the nucleus accumbens, a
brain region involved in motivated behavior (84). Moreover, mice
that developed depression-like behavior following exposure to
CSS had increased messenger RNA (mRNA) and protein levels of
BAZ1A, a subunit of the adenosine 5′-triphosphate (ATP)–
utilizing chromatin assembly and remodeling complex, com-
pared with unexposed control mice. Genome-wide mapping
of the histone protein H3 within the nucleus accumbens
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identified over 70,000 genomic regions that differ in nucleo-
some density and position between CSS-exposed and control
mice, suggesting widespread chromatin remodeling following
exposure to CSS. Translating these rodent findings to humans,
the authors observed increased BAZ1A gene expression in
the nucleus accumbens of depressed patients compared with
controls. This study highlights how pairing mouse models with
human research can provide molecular insights on human mental
health.

Histone Modifications. Posttranslational modification of histone
proteins also alters chromatin function and DNA accessibility. A
large number of known chemical modifications, including acylation,
methylation, phosphorylation, and ubiquitination, occur along the
tails and globular domains of histone proteins (85) (Fig. 1B). His-
tones and nucleosomes can be decorated by multiple post-
translational modifications, highlighting the complexity of this
epigenetic landscape (86). Collectively, these chemical modifica-
tions regulate how tightly DNA adheres to the nucleosome, influ-
encing the accessibility of the underlying DNA to transcription
factors or enzymes that regulate epigenetic states (e.g., mC,
hmC). Histone modifications, are also affected by underlying ge-
netic variation (13, 87), as well as contribute to DNA sequence
maintenance (88) (e.g., histone H2Ax phosphorylation and histone
4 lysine 20 methylation), highlighting a bidirectional relationship
between genetic variation and histone modifications.

In model organisms, genome-wide differences in histone
H3 lysine 9 acetylation and histone 3 lysine 27 acetylation (H3K9ac
and H3K27ac, respectively) are found in relation to experience
(89–93). In rats, increased levels of H3K9ac are observed in the
hippocampus of individuals exposed to acute restraint stress
compared to controls, a change that maps to mobile and re-
petitive elements within DNA and whose mRNA levels de-
creased upon stress exposure (89). In bees, sticklebacks, and
mice, differences in genomic locations marked by H3K27ac are
observed when comparing neural tissue from individuals ex-
posed to an intruder compared to unexposed controls, with some
of the altered locations mapping to genes whose mRNA levels
changed in response to an intruder (90–92).

Histone modification states may also regulate behavioral
phenotypes. In ants, inhibition of the Rpd3 histone deacetylase
(HDAC) is sufficient to induce foraging and increase the number of
ants displaying scouting behavior (94). Interestingly, the effects of
HDAC inhibition in ants are caste- and age-specific, highlighting
the ability of HDACs to shape behavioral differences between
individuals and across their lifespan (94). Similarly, experimental
inhibition of hippocampal HDAC4 activity in mice exposed to
chronic stress (repeated forced swim tests) increases acetylcho-
linesterase gene expression and reduces stress-induced anxiety-
like behavior (95). InDrosophila, G9a, a histone methyltransferase,
interacts with the genetic background to regulate specific tran-
scripts of the foraging gene and modulate individual differences
in foraging behavior (87). Anreiter et al. (87) show that behavioral
differences can be abolished by transgenically manipulating the
foraging transcripts regulated by G9a. Thus, carefully controlled
animal studies can build a strong case for a causal role of histone-
modifying enzymes in the regulation of behavioral states. This
study in Drosophila also highlights the importance of genome–
epigenome interactions, as histone methylation at the foraging
promoter is allele-specific (87).

Histone Variants. Most nucleosomes are composed of 2 copies
of the core canonical histones H2A, H2B, H3, and H4, whose ex-
pression is tightly linked to DNA replication. However, nucleosomes

can be modified by the replacement of canonical histones with his-
tone variants (e.g., H3.3, H2A.X, H2A.Z) (Fig. 1B), which differ in
structure and function and can affect the activity of the genomic re-
gion around which they are located.

Histone variants are associated with an organism’s experience
and behavior. For instance, elevated mRNA levels of histone
H3.3 are observed in the nucleus accumbens of nonmedicated
individuals diagnosed with depression compared with medicated
patients and controls (96). Increased H3.3 mRNA levels were also
found in mice with depression-like symptoms that were exposed
to CSS compared to controls (96).

Noncoding RNAs. Initially believed to be a transcriptional error,
noncoding RNAs are now known to play central roles in tran-
scriptional regulation (97).
MicroRNAs. MicroRNAs (miRNAs) are short (∼22 nucleotides in
length), single-stranded, noncoding RNAs (98) that interact with
proteins to form RNA-induced silencing complexes, which regu-
late mRNAs via degradation or inhibition of their translation into
proteins (99) (Fig. 1C). Interestingly, the mRNA–miRNA relation-
ship is bidirectional. For example, the binding of the mRNA NREP
to miR-29 leads to the destruction of the miRNA, a mechanism
involved in motor- and contextual fear-learning in mice (100).

miRNAs are linked to behavioral phenotypes and the response
to adverse social experiences in humans and animals. The sperm
of men exposed to a larger number of adverse childhood expe-
riences (ACEs; e.g., child maltreatment, exposure to violence,
parental loss) show decreased levels of a subset of miRNAs, in-
cluding miR-449a and miRNA-34c-5p, compared with sperm from
men with fewer ACEs (101). In agreement with this human re-
search, decreased levels of miRNA-449a and miRNA-34c-5p are
found in the sperm of adult mice exposed to chronic social instability
during adolescence (changing littermates twice a week for 7 wk)
compared with controls (101). Similarly, exposure to CSS in mice
alters the expression of several miRNAs and a key miRNA pro-
cessing factor called Dicer in the nucleus accumbens (102). In mice,
a reduction in Dicer results in social avoidance upon exposure to a
mild form of CSS, an effect not observed in control mice. Also in
mice, genetically manipulating the levels of mir137, a miRNA im-
plicated in neuropsychiatric disorders, is sufficient to induce
synaptic overgrowth, memory deficits, repetitive behaviors, and
altered social interactions (103). The expression of miR-125b-1-3p
is also reduced in hippocampal progenitor cells exposed to the
stress hormone cortisol and in the hippocampus of prenatally
stressed rats (104). Likewise, reduced miR-125b-1-3p is observed
in blood samples from patients with schizophrenia who experi-
enced child maltreatment compared with controls (104). Fur-
thermore, several reported risk loci for mental health outcomes
map within miRNAs or regions of the genome that code for
miRNAs target sequences (105). For instance, a single-nucleotide
polymorphism (SNP; rs17228616) in the miRNA target region of
the acetylcholinesterase gene modulates the binding of a miRNA
(miRNA-608). This SNP also correlates with the neural response to
military, medical, or neutral images in soldiers reporting chronic
military stress during a functional magnetic resonance imaging
task (106). In summary, there is convergent evidence from animal
and human studies that implicates miRNAs in susceptibility to
stress-related phenotypes and their biological embedding.
Long noncoding RNAs. Long noncoding RNAs (lncRNAs) are a
large family (∼50,000 in the human genome) of RNAs that
are >200 base pairs in length (107) (Fig. 1C). lncRNAs are abun-
dant in neural tissues but detected at very low levels elsewhere.
lncRNAs reduce transcription, regulate the processing of mRNAs
to modulate the abundance of subtly different transcripts from the
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same gene (alternative splicing), and influence the activity of
miRNAs (108). Although evidence implicating lncRNAs in the bi-
ological embedding of experience is lacking, they are linked to
mental health conditions in humans (109, 110).

RNAModifications. Like DNA, RNA nucleotides can be modified
by the addition of chemical groups (111). To date, over 160 dif-
ferent RNA modifications are known, including methylation and
hmC (Fig. 1D), and these can modulate many aspects of RNA
biology, including RNA structure, stability, and processing. N6-
methyladenosine (m6A) is the best-studied and most abundant mRNA
modification (112), with evidence linking it to behavioral phenotypes
and possibly biological embedding. For instance, increased m6A is
detected in the mRNAs of genes related to key neuronal functions
(dendritic and postsynaptic regulation) in the prefrontal cortex of mice
exposed to fear conditioning compared with naive controls (113).
Similarly, differences in m6A and N6,2′-O-dimethyladenosine (m6Am)
are observed at 20 different genes in cortical samples from mice ex-
posed to restraint when compared with unrestrained mice (114). In-
terestingly, the effect of restraint on m6A is brain region-specific. The
prefrontal cortex shows decreased m6A levels, while the amygdala
shows increased levels following exposure to stress. In the same
study, the authors report a dynamic decrease in m6A in blood sam-
ples from healthy volunteers following exposure to glucocorticoids,
a response that is absent in patients with current depression (114).
Thus, the role of RNA modifications in biological embedding of ex-
perience is a new and likely important direction for future research.

Advances in Molecular Profiling
New molecular methods provide the ability to survey the epige-
nome in greater depth and breadth than previously possible. Such
advances permit the integrated analyses of different epigenetic
states in a single sample and, increasingly, within a single cell. For
example, nucleosome occupancy methylome sequencing de-
scribes DNA methylation and nucleosome position across the
genome in a single analysis (115). Similarly, the availability of new
methods, based onmass spectrometry, now allow parallel analysis
of histone variants and modifications to histone proteins (116).
Collectively such advances move the field beyond the analysis of a
single epigenetic state to provide a better understanding of the
multiple facets of the epigenome, and its contribution to gene
regulation and brain function. Likewise, the emergence of single-
cell techniques [e.g., methylome profiling (117), chromatin acces-
sibility (118)] can begin to answer if epigenetic profiles observed
in bulk tissues are conserved at the individual cell level. Such
single-cell analyses directly address issues of cellular heteroge-
neity, which can confound studies of the biological embedding of
experience, and will help identify specific cell types that are
most affected by early experiences.

Epigenome editing makes use of guide proteins or RNAs that
can be targeted to specific sites in the genome, coupled to ef-
fector enzymes that can alter epigenetic modifications. Tools exist
for increasing or decreasing DNA methylation, histone methyl-
ation, or histone acetylation (a comprehensive review is provided
in ref. 119). Such tools allow a direct analysis of the role of the
epigenome in experience-dependent changes in gene expres-
sion and its consequences for behavior. For example, Sase et al.
(120) used epigenome editing (targeted histone acetylation) to
examine how regulation of Cdk5 gene expression functioned in
sex-specific fear memory recall following exposure to a foot shock
paradigm in mice. The authors show that targeted histone acet-
ylation increases Cdk5 expression in females to levels comparable
to males, and abolishes the sex-specific differences observed in
fear memory observed between untreated female and male mice

(120). In an elegant example, Liu et al. (121) used epigenetic
editing, targeting DNA demethylation of the FMR gene in human
neurons derived from fragile X syndrome patients; this reactivated
the silenced FMR gene, normalizing neuronal activity within these
neurons to levels comparable to those from healthy subjects.

These findings suggest that site-specific manipulation of epi-
genetic states can directly influence gene expression and cellular
function. However, there are limitations to epigenome editing
technologies. First, there is potential for such molecular modifiers
to influence the epigenetic states of unintended genes (off-target
effects). In the study by Liu et al. (121), epigenome editing of the
FMR gene produced decreases in mC ≥ 10% at 28 off-target sites,
although this led to minimal effects on the expression of those
genes. Second, altering a single epigenetic state may alter other
features of the chromatin landscape. In the study by Liu et al. (121),
decreasing mC within the FMR gene increased histone modifica-
tions (H3K4me3 and H3K27ac) associated with “active” or expressed
genes. Finally, existing epigenome editing methods seek to target a
single epigenetic modification at a single site; refinements of such
approaches may help us understand phenotypes that arise from
epigenetic variation across the genome.

Future Directions
The question of how epigenetic mechanisms might contribute to
the biological embedding of experience presents us with both
challenges and opportunities. We provide a number of limitations in
measurement and study design for consideration as the field
moves forward.

Epigenetic mechanisms function in concert within a cell and
may interact with each other (122, 123). Thus, a systems level
approach is needed to understand the biological embedding of
experience. Mapping efforts like ENCODE and PsychENCODE
are uncovering the interplay across epigenetic marks through
deep characterization and the merging of different levels of
analysis (45, 124). Sophisticated new technologies now make it
possible to measure multiple epigenetic domains (mC and chro-
matin accessibility) and transcription in tandem within the same
cell population (125). These approaches promise to improve our
understanding of interdependencies in the epigenetic landscape
and its links to genome function (126). Technological advances
are also likely to identify novel epigenetic modifications and
transcriptional regulators (e.g., families of miRNAs). Importantly,
epigenetic studies need to factor in genetic variation and develop-
mental timing. Future studies should also consider interactions be-
tween biological systems, such as the brain and gut microbiota,
which are sensitive to environmental stress (127) and can contribute
to epigenetic variation (128).

Without a fundamental understanding of epigenetic change in
relevant biological samples and their relationship to more ac-
cessible tissues, any attempts to establish causal relationships in
humans are likely to be in vain. One approach is to use human
postmortem brain samples; however, details about the individ-
ual’s experiences are usually lacking. Another approach is to use
human-derived neurons produced from somatic tissues such as
skin, urine, or blood. However, such neurons, while derived from
adult biosamples, are phenotypically more similar to neurons in
the early fetal brain (129). The pairing of human cohort studies
with animal models, where mechanistic investigations within the
brain and other tissues are feasible, provides an additional
meaningful way forward. In these model systems, emerging state-
of-the-art epigenetic editing technologies hold great promise to
determine causal relationships between epigenetic states and
altered activity of neural processes and developmental trajecto-
ries (e.g., refs. 87 and 130–132).
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Overcoming some of the current limitations in human research
may be possible through a paradigm shift to within-person com-
parisons over time, which, by design, holds constant a number of
fixed genetic and environmental factors that are likely to confound
environmental and epigenetic associations. By providing data at
multiple and different time points before and after events, lon-
gitudinal studies are likely to be more informative of epigenetic
changes induced by circadian rhythms (133), developmental
transitions (e.g., puberty), and naturally occurring stressors or ex-
ogenous “shocks” (e.g., a recession). Ongoing ecological mo-
mentary assessment and other intensive longitudinal study
designs should consider integrating repeated (daily/monthly)
blood or buccal cell collections alongside experimental manipula-
tions of mild and ethically feasible stressors, for example, the Trier
social stress task, social exclusion experimental paradigms, or the
identification of other naturally occurring and time-linked shocks
[e.g., reports of violent crime or gunshots in the neighborhood
temporally linked to sampling (e.g., ref. 134)]. The current paucity of
longitudinal epigenetic datasets across childhoodmeans that there
is currently no description of “typical” versus “atypical” epigenetic
maturation or variation. Thus, adopting a person-specific paradigm
shift (135) also places considerations of timescales in human de-
velopment at the forefront of building conceptual models and

study designs. We acknowledge that repeated sampling and
analysis of biological samples in human cohorts is challenging
and costly, presenting significant barriers to this strategy.

Nevertheless, creative and longitudinal designs are needed in
order to help answer key questions in the field: What are the most
relevant timescales for capturing epigenetic changes? How do
epigenetic patterns change within individuals across develop-
ment and adulthood? Are experiential and epigenetic correlations
more pronounced during known sensitive periods of develop-
ment? The answers to these questions will move the field forward
by delineating the molecular processes that underlie the bi-
ological embedding of experience. The ability to identify, and
quantify, how experience gets “under the skin” has important
implications for our understanding of how experience shapes in-
dividual differences in human health and development.
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